The possibility that maternal diets during gestation could affect growth and tissue development of offspring and program their later phenotype is an emerging challenge in pig production. The objective of the current study was to investigate the effects of contrasted protein levels in diets of pregnant sows on the proteomic features of subcutaneous adipose tissue (SCAT) of the offspring at birth and its possible persistence later in age. Sows were fed control (Con), low (LP), or high protein (HP) diets throughout gestation. A subset of piglets was killed at 1 d of age for SCAT sampling. The remaining piglets were cross-fostered to nonexperimental sows during lactation. They were fed standard diets during postweaning and fattening periods until 186 d of age. Modifications in SCAT protein abundance shortly after birth were investigated by 2-dimensional gel electrophoresis followed by mass spectrometry. A total of 65 spots were found differentially expressed (P ≤ 0.10) in SCAT of 1-d-old experimental piglets vs. Con piglets. Proteins with a greater abundance in LP piglets compared with Con piglets were involved in pathways related to glucose and fatty acid metabolisms, lipid transport, and regulation of apoptosis. Upregulation of 5 proteins representative of these biological pathways in LP group vs. Con group were further validated (P < 0.05) by Western blot analyses. Furthermore, the specific activity of the key lipogenic enzyme fatty acid synthase was found greater (P = 0.06) in SCAT of 1-d-old LP piglets than in Con piglets. The main changes evidenced in SCAT of HP piglets compared with Con animals at 1 d of age rather concerned proteins putatively involved in AA metabolism or in protein turnover. Adipose tissue contents in some proteins that had displayed a greater (P ≤ 0.10) abundance in experimental pigs compared with Con at d 1 (e.g., transaldolase, annexin II, and apolipoprotein A4) were, however, similar (P > 0.10) in the 3 groups at d 186 of age. Enolase 1 has less abundance (P < 0.05) in LP pigs compared with Con pigs at this stage. In conclusion, the proteomics tool has allowed the identification of early changes in various molecular pathways of SCAT in response to the levels of maternal protein supply during gestation.
INTRODUCTION
Selection for lean growth and against subcutaneous fat thickness has been a major goal of the pig industry. Nutrition during postnatal growth has been also optimized to promote protein deposition and to limit fat accretion. To reduce the economically penalized variability still observed in carcass composition at slaughter, the possibility that prenatal conditions could affect fat features at birth and program subsequent development of adipose tissues is an emerging challenge in pigs (Gondret et al., 2006; Rehfeldt et al., 2008a; Morise et al., 2009) . In animal models, several studies have reported an association between dietary protein intake during gestation and lactation in dams and later fat tissue development in offspring (Daenzer et al., 2002; Zambrano et al., 2006) . Suboptimal nutritional environments during fetal and neonatal periods program energy expenditure, food intake, and physical activity in offspring (Metges, 2009) . Disturbance of glucose tolerance (Zambrano et al., 2006) and greater proliferation rate of adipocytes (Bol et al., 2008) have been also shown in rats after prenatal protein restriction. Similarly to rats, maternal protein deprivation during sow pregnancy led to reduced fetal and birth weights (Pond et al., 1992; Schoknecht et al., 1993) . Recently, Rehfeldt et al. (2008b) have reported that pigs slaughtered at 186 d of age and originating from sows fed a low protein diet during pregnancy exhibited a greater proportion of subcutaneous fat in their carcasses when compared with controls.
Two-dimensional (2D) gel electrophoresis coupled with mass spectrometry is now considered a valuable tool to elucidate dietary-related changes in various tissues and cells (De Roos and McArdle, 2008) . Then, the objective of the current study was to identify metabolic routes and developmental pathways underlying subcutaneous adipose tissue (SCAT) adaptation to maternal protein diets in pigs by the means of proteomics.
MATERIALS AND METHODS
Animal care and slaughtering followed the guidelines set by the Animal Care Committee of the State Mecklenburg-Vorpommern (Germany) based on the German Law of Animal Protection.
Animals and Sample Collection
A group of 24 German Landrace gilts of first parity was used, which was a part of a larger experiment (Rehfeldt et al., 2008b) in the Research Institute for the Biology of Farm Animals (FBN, Dummerstorf, Germany) . Pregnant gilts were randomly assigned to 1 of the 3 following dietary groups throughout gestation: high protein diet (HP, n = 10) with 30% CP (% DM), low protein diet (LP, n = 14) containing 6% CP, or control protein diet (Con, n = 10) containing 12% CP.
Diets were formulated at FBN to be isocaloric (13.6 MJ of ME/kg on average) and isolipidic (Table 1) . At term (d 114 of gestation), birth was artificially induced with PGF 2α . All piglets born alive in litters of at least 11 born alive piglets (median of litter size = 13, data not shown) were weighed within the first 24 h after birth. Mean piglet birth weight was lighter in LP and HP groups than in Con group (1.19, 1.21, and 1.41 kg, respectively; P < 0.01) with no difference in litter size ). The next day, 4 piglets per litter (the smallest, the heaviest, and 2 of medium BW according the mean birth weight of the litter) for a total of 31 to 45 per dietary group, were killed by intramuscular injection of 1.25 mg of propionyl-promazine (0.2 mL of Combelen, Bayer AG, Leverkusen, Germany) and 50 mg of ketamine (Ursotamin, Serumwerk Bernburg AG, Germany). Runts (<800 g) were excluded. Samples of dorsal SCAT were immediately collected (approximately 500 mg), frozen in liquid nitrogen, and stored at −76°C until analysis.
The remaining piglets were cross-fostered to nonexperimental sows of 2nd to 4th parities, which were on the Con diet during gestation. All sows were fed a Con diet during lactation. Litter size during suckling was then standardized to 11 piglets per sow. Male piglets were castrated at d 4 of age. From weaning (d 28) to slaughter, all piglets were individually reared. They had free access to standard diets formulated for postweaning (d 29 to 76), growing (d 77 to 105), and finishing periods ( Table 2 ). At d 186 of age, pigs were weighed (18 per dietary group) after an overnight fast, and killed by electronarcosis followed by exsanguination in the experimental slaughterhouse of FBN. Dorsal SCAT was immediately collected at the 13th and 14th vertebrae, frozen in liquid nitrogen, and stored at −76°C until analysis. The experiment involved 6 successive repeats of 6 gilts (2 per diet in each repeat). Frozen portions of SCAT samples collected at d 1 or 186 were then sent to INRA (Saint-Gilles, France) for proteomic analyses.
Protein Solubilization
All SCAT samples (approximately 150 mg each) were crushed with a mortar and a pestle under liquid nitrogen. They were homogenized with a polytron grinder (Kinematica, Bioblock Scientific, Switzerland) in 0.8 mL of ice-cold lysis buffer (pH 7.4) containing 10 mmol/L of Tris base (Sigma, St. Louis, MO), 1 mmol/L of EDTA (Sigma), 0.25 mol/L of sucrose (Merck, Fontenay Sous Bois, France), and Compete protease inhibitors (Roche Diagnostics, GmbH, Mannheim, Germany). Homogenates were stirred for 1 h on ice using glass bead agitators (Heidolph, Schwabach, Germany) and were then centrifuged at 10,000 × g at 4°C for 15 min. The resulting supernatants (below the fat cake) contain soluble proteins (e.g., a subfraction of tissue proteins), thus allowing the majority of enzymes and the lessexpressed proteins such as regulators of protein expression to be more easily studied by 2D gel electrophoresis. For SCAT samples collected at d 1, these supernatants were pooled per 2 to 4 according to classes of piglet birth BW (e.g., small, medium, or heavy piglets) within each dietary group, to obtain 8 pools in LP, 8 pools in HP, and 8 pools in Con groups, respectively. In each dietary group, this corresponded to 2 pools of small birth BW piglets, 4 pools of medium, and 2 pools of heavy birth BW piglets. For samples collected at d 186, all supernatants were kept individually (18 per dietary group). The total protein concentration of extracts was assessed by Bradford reagent (BioRad, Hercules, CA) using BSA as a standard reference (Bradford, 1976 ). The protein extracts were then stored at −76°C until use for later electrophoresis. The following main ingredients were used according the growth stages: barley, corn (maize), wheat flour, soybean (meal, roasted, or concentrate), milk powder, molasses, feed sugar, whey powder, oils originated from plants or fish, oat flakes, potato proteins, calcium carbonate, monocalcium phosphate, sodium chloride, pentahydrate, dl-methionine, l-lysine-monohydrochloride, l-threonine, dl-citric acid, and copper sulfate. nd = not determined.
2D Gel Electrophoresis
The 2D gel electrophoresis was performed on SCAT supernatants of 1-d-old piglets only. Unless indicated, all the materials used were supplied by GE Healthcare (Saclay, France). For the first dimensional electrophoresis, soluble proteins (100 μg for each pool, 8 pools per dietary group) were mixed with Destreack solution and 2% carrier ampholytes, to make up the volume to 450 μL. Immobilized pH gradient (IPG) strips (24 cm, 3 to 10 pH nonlinear) were rehydrated passively with the soluble proteins over a period of 16 h. Proteins were then isoelectrically focused on an Ettan IPGphorII system according to the following settings: 1 h at 120 V, 1 h at 200 V, 1 h at 500 V, 6 h at 1,000 V, 1 h 30 min at 8,000 V, and a constant of 8,000 V until approximately 48,000 Vh was reached. The strips were then frozen at −20°C until use. Subsequently, the IPG strips were equilibrated in 2 steps of 12 min each at room temperature with gentle agitation. The first equilibration solution contained 50 mmol/L of pH 8.8 Tris-HCl (Sigma) buffer, with 6 mol/L of urea, 65 mmol/L of dithiothreitol (DTT, Interchim, Montluçon, France), 2% SDS (vol/wt), and 30% glycerol (vol/vol, Interchim) . In the second equilibration solution, DTT was replaced by 4.5% iodoacetamide, and 0.03% bromophenol blue (Sigma) was added as a dye. After equilibration, the strips were gently rinsed in water to remove buffer excess, then applied onto 12.5% SDS-PAGE gels and sealed with 0.5% agarose solution. The SDS-PAGE was conducted in a vertical Ettan DALTsix system. Five watts per gel was applied for 45 min, and 17 W per gel was then applied until the bromophenol blue dye front reached the bottom of the gels. Proteins were then visualized by sensitive silver staining (Blum et al., 1987) . Gels were generally made in duplicate for each pool, and the best gel was kept for analysis. A master gel comprising an equal amount of all protein extracts was used as a reference. Finally, 2 preparative gels (200 and 400 μg of all protein extracts, respectively) were made by pooling an equal volume of each extract and stained (Shevchenko et al., 1995) to allow spot identification by mass spectrometry.
Image Analysis
The 24 best gels (8 per dietary group) were scanned with an UMAX ImageScanner (GE Healthcare) at 200 dpi, and analyzed by ImageMaster 2D Platinum (V6.0, GE Healthcare). Spots were normalized by expressing the relative volume of each spot as the ratio of individual spot volume on the total volume of valid spots. This measure takes into account variations due to protein loading and staining by considering the total volume over all the spots in the image. The process of spot matching was done using the master gel as a reference. The results were expressed according to foldchange value, which represents the expression ratio of the LP group or HP group to the Con group. Ratios of abundance of protein spots in HP or LP groups relative to the Con group are inversed and are preceded by a minus sign for values less than 1.
Protein Identification and Categorization
Protein spots of interest were manually cut out of the gels using pipette tips. Gel pieces were placed into a 1.5-mL microcentrifuge tube in a solution of 1% acetic acid (Carbo Erba, Reuil-Sur-Brêche, France). Excised spots were processed and digested with trypsin as described previously (Rolland et al., 2007) . Extraction was performed in 2 successive steps by adding 50% (vol/vol) acetonitrile/0.1% trifluoric acid. Digests were dried out and dissolved with 2 mg/mL of α-cyano-4-hydroxycinnamic acid in 70% acetonitrile/0.1% trifluoric acid, before spotting onto targets (384 Scout MTP 600-μm AnchorChip, Bruker Daltonik, Bremen, Germany). The peptide fragments produced from each protein spot were used to generate peptide fragment mass data via matrix-assisted laser desorption/ionization-time of flight/time of flight mass spectrometry analysis (Ultraflex, Bruker Daltonik). The peptide fragment mass data were processed with the FlexAnalysis software (V2.2, Bruker Daltonik). Analyses were performed on proteomic facilities of Biogenouest (Rennes, France). Autolysis products of trypsin were used for internal calibration. The monoisotopic masses of tryptic peptides were used to query National Center for Biotechnology Information nonredundant sequences databases of all mammalian proteins, using the MAS-COT search engine (http://www.matrixscience.com). Search conditions were as follows: initial open mass window of 70 mg/kg for an internal calibration, one missed cleavage allowed, modifications of cysteines by iodoacetamide, and methionine oxidation and N-terminal pyroglutamylation as variable modifications. To avoid incorrect identifications, 4 matched peptides per protein were required at least, and each matching was carefully checked manually by considering MASCOT probabilistic score and accuracy of the experimental to theoretical isoelectric point and molecular weight. The MASCOT baseline significant score is 68% of coverage of the entire AA sequence.
Identified proteins were then classified according to their biological process terms provided in Gene Ontology Consortium (http://www.ncbi.nlm.nih.gov/sites/ entrez?Db=gene) for Homo sapiens. Annotation data provided in Ingenuity systems (https://analysis.ingenuity.com/, IPA, Ingenuity Systems Inc., Redwood City, CA) were also considered, and the top canonical pathways having a P-value <0.01 were considered in the present study.
Western Blotting
The differential expression of some proteins identified by proteomics at d 1 was further validated in the same samples (8 pools per dietary group) by Western blot-ting using commercial antibodies. The relative abundances of these target proteins were also determined in SCAT collected in pigs at 186 d of age (18 samples per dietary group). Soluble protein extracts were subjected to 1-dimensional SDS PAGE (12%) and transferred onto nitrocellulose membranes (GE Healthcare). The membranes were blocked with Tris-buffered saline (TBS)/5% Tween (Sigma) containing 5% defatted milk. The blots were incubated with primary antibodies in TBS/5% Tween for 1 h at room temperature. Goat polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) against transaldolase (sc-51439), apolipoprotein A-IV (sc-19036), annexin II (sc-30757), annexin IV (sc-30760), and the mouse monoclonal antienolase 1 (sc-100812) were used at a final dilution of 1:500. Thereafter, blots were washed in 5% Tween/TBS and incubated at room temperature for 1 h with secondary horseradish peroxidase conjugated antibodies (1:5,000) raised against goat or mouse IgG (Santa Cruz Biotechnology). Signals were revealed by the ECL Plus Western Blot detection kit (GE Healthcare). Autoradiograms were scanned, and densitometric values (arbitrary units) were determined using the ImageQuant software (BioRad).
Specific Activities of Lipogenic Enzymes
Frozen individual SCAT samples collected at d 1 (31 to 45 per dietary group) or d 186 (18 per dietary group) were homogenized at 1:5 dilution in ice-cold 0.25 M sucrose buffer, containing 1 mM EDTA and 1 mM DTT. The mixtures were then centrifuged at 100,000 × g for 1 h at 4°C. The cytosolic fractions (below the fat cakes) were collected, and stored at −76°C until use. Specific activities of fatty acid synthase (FAS; EC: 2.3.1.85) as the key lipogenic enzyme, and of malic enzyme (EC: 1.1.1.40) as the main supplier of reduced form of NADP (NADPH) in the pig were assayed spectrophotometrically at 340-nm absorbance (Chang et al., 1967; Hsu and Lardy, 1969) . Substrate quantities (50 to 200 μL) were optimized to ensure the linearity of reactions. Protein content of the cytosolic fractions was determined as described above. Enzyme activities were then expressed as nanomoles of NADPH per minute and per milligram of cytosolic proteins.
Statistical Analyses
Values are given as means ± SEM. Individual data obtained at d 1 or 186 (i.e., lipogenic enzyme activities at the 2 stages, Western blot analyses at d 186) were subjected to ANOVA by the MIXED procedure (SAS Inst. Inc., Cary, NC). Dietary group (HP, LP, or Con), class of birth weight (small, medium, or heavy), sex (female or barrow), class of litter (LT) size (LT1 < 13; LT2 ≥ 13), repeat, and the interactions between diet and class of litter size (diet × LT), diet and sex, and diet and class of birth weight were considered as fixed factors, and the sow (within diet × LT × repeat) as a random factor. Differences between dietary groups were then tested post hoc by Tukey test.
The data obtained from pooled SCAT samples (i.e., 2D-gels and Western blots) were first analyzed by ANO-VA with the fixed effects of dietary group (HP, LP, and Con), class of birth weight (small, medium, or heavy), and their interaction. Because there was no interaction of dietary group and birth weight class, proteomic data in LP or HP groups at d 1 were finally compared with those of the Con group using a Student's t-test. Only protein spots with at least a |1.2|-fold ratio of abundance between experimental LP or HP groups to Con group were considered. For all tests, P ≤ 0.05 was considered significant, and P ≤ 0.10 was discussed as a trend.
RESULTS

Effects of Maternal Diets on Adipose Tissue Proteome in Neonatal Piglets
The abundance of 65 protein spots underwent changes (P ≤ 0.05 to P ≤ 0.10) in SCAT of 1-d-old piglets from experimental HP and LP sows, when compared with Con. Thirty-nine spots had a differential abundance in LP piglets compared with Con animals, whereas 26 spots were changed in abundance in HP piglets compared with Con animals. The positions of the identified protein spots are indicated in a representative 2D-gel (Figure 1 ). The proteins affected by maternal LP or HP diets have been classified according to the Gene Ontology biological process ( Figure 2 ).
Ingenuity core analysis revealed pentose phosphate pathway, glycolysis/gluconeogenesis, urea cycle and metabolism of AA, fructose and mannose metabolism, the metabolism of various AA, and B cell activating factor signaling as the top canonical pathways changed in LP piglets compared with Con animals. Indeed, most of the proteins showing a differential abundance in LP piglets compared with Con animals (Figure 2A ) are involved in glucose and fatty acid metabolism (26% of the protein spots with a differential abundance), regulation of (anti)-apoptosis (18%), and lipid transport (12%). Especially, 4 proteins (e.g., transaldolase 1, aldolase C, enolase 1, and pyruvate dehydrogenase) participating in glucose conversion into acetyl-CoA had a greater abundance in LP piglets than in Con piglets (Table 3 ). The relative abundance of crystallin lambda 1, a protein involved in fatty acid metabolism, was also greater in adipose tissue of LP piglets compared with Con animals. Different forms of phospholipid binding protein annexins had a greater abundance in the former compared with the latter animals. Similarly, the relative level of tumor necrosis factor receptor-associated factor 3 (e.g., a factor regulating cell apoptosis and proliferation), was increased in LP piglets compared with Con piglets. Two isotypes of apolipoproteins A4 and β-lactoglobulin, which participates in lipid transport were more abundant in LP piglets than in Con animals. Finally, a small number of identified proteins that differed in abundance between LP and Con piglets are involved in AA (12%), nucleotide biosynthesis (8%), and vitamin (4%) pathways ( Figure 2A) ; they were generally less in abundance in LP piglets than in Con piglets (Table 3 ). In addition, the level of an immunoglobulin heavy chain participating in immune response was less in LP piglets than in Con piglets.
Conversely, the top pathways for protein changes in HP piglets compared with Con piglets were linked to the metabolism of various AA or amino groups, glycolysis/gluconeogenesis, and B cell activating factor signaling. Especially, various differentially expressed proteins in HP piglets are involved in AA metabolism (15% of the differentially expressed proteins, Figure 2B ) and protein turnover (15%). Especially, aminoacylase 1 and aspartoacylase (i.e., aminoacylase 2) had a greater abundance in HP piglets than in Con animals. On the opposite, the proteasome 26S subunit related to protein degradation, and mitochondrial Tu translation elongation factor involved in prokaryote protein biosynthesis had decreased abundance in HP piglets compared with Con animals (Table 4) . Only 2 enzymes participating in metabolic process were differently expressed, with a greater abundance in those piglets compared with Con animals: the glycolytic enzymes enolase 1 and pyruvate dehydrogenase. One form of annexin (annexin IV) and the tumor necrosis factor receptor-associated 3 displayed also a greater abundance in the HP piglets than in Con animals. Finally, adipose tissue proteome changes in response to HP diet should concern mainly lipid transport (31%, Figure 2B ), because 4 isotypes or posttranslational modified apolipoproteins A4 had greater levels in adipose tissue of HP piglets compared with Con piglets (Table 4) .
Short-Term and Persisting Effects of Maternal Diets on Selected Proteins
Because it is essential for proteomics to provide accurate and reproducible results, changes in abundance of 5 proteins representative of different biological pathways were further validated by Western blot analyses. We confirmed that transaldolase 1 (P < 0.05), enolase 1 (P < 0.05), apolipoprotein A4 (P < 0.01), and annexin IV (P < 0.05) exhibited a greater abundance in adipose tissue of LP piglets compared with Con animals at d 1 (Figure 3) . Difference in abundance of an- nexin II between the same piglets, however, did not reach significance (P = 0.13). As expected, enolase 1 and apolipoprotein A4 had also a greater abundance (P < 0.05) in HP piglets compared with Con animals (Figure 3) . Difference in abundance of annexin IV between HP and Con piglets, however, did not reach significance (P = 0.15). The magnitude of the changes (e.g., 1.2-to 1.5-fold) after Western blot analysis was generally comparable with that found for the protein spots after 2D-electrophoresis at the same age.
These selected proteins were further studied by immunoblots in SCAT of 186-d-old pigs originating from LP, HP, or Con sows. No band corresponding to annexin IV was detected in the 3 groups at this stage. The relative abundance in transaldolase 1, annexin II, or apolipoprotein A4 proteins did not differ between the 3 groups (Figure 4) . The abundance in enolase 1 was slightly reduced (P < 0.05) in SCAT of LP pigs compared with Con or HP pigs at d 186 of age.
Activities of enzymes responsible for de novo synthesis of lipids were also monitored at early (1 d) and late (186 d) periods of growth in SCAT of all animals under experiment. Specific activity of FAS was enhanced by 52% (P < 0.06) in adipose tissue of LP piglets compared with Con or HP piglets ( Figure 5A ) at d 1. On the other hand, there was no difference in the activity level of the same enzyme between dietary groups at 186 d of age ( Figure 5B ). Finally, specific activity level of malic enzyme in SCAT did not differ between groups at d 1 or 186 of age.
DISCUSSION
The novel and important finding of the present study is that maternal protein diets during the entire gestation induced several changes in functional proteins of SCAT from 1-d-old offspring. Especially, the proteomic approach appears as a relevant strategy to identify changes in abundance of well-known enzymes of carbohydrate and fatty acid metabolisms. It also reveals molecules involved in several other pathways such as transport and cell development and unexpected changes in proteins putatively involved in AA and protein metabolisms. The modulations observed in SCAT proteome of experimental LP or HP piglets, compared with Con animals at d 1, are of the same magnitude as those reported recently by Wang et al. (2008) in liver, muscle, and intestine proteomes in intrauterine growth-retarded piglets compared with normal BW littermates. Because LP and HP piglets displayed a 14% reduction in mean birth BW compared with Con , one may thus argue that changes seen in adipose tissue features are related to the modulation of fetal growth more than to a direct effect of LP or HP maternal diets. However, SCAT proteomic profiles observed here in LP or HP piglets compared with Con animals are not fully consistent with the changes reported in response to intrauterine growth retardation in pigs.
Several protein spots which underwent changes in abundance in SCAT in response to maternal protein supply during gestation are related to key carbohydrate and fatty acid metabolic processes. Indeed, aldolase, enolase 1, and pyruvate dehydrogenase were greater in abundance in 1-d-old LP piglets compared with Con. These enzymes participate in successive steps of glycolysis, a metabolic pathway that contributes likely to lipid accumulation in adipose cells (Temple et al., 2007) . The abundance of transaldolase 1 was also greater in LP piglets than Con piglets. This protein provides the link between the glycolytic pathway and the pentose phosphate pathway to produce reduced NADPH for lipogenesis (Wamelink et al., 2008) . Taking these changes together, proteomics points out glucose conversion into fatty acids as an early upregulated route in response to the prenatal LP diet. The finding that the specific activity of the key enzyme (FAS) of terminal lipogenesis was also enhanced in adipose tissue of 1-d-old LP piglets compared with Con supports this assumption. The observed greater activity of FAS and likely greater capacity for lipid synthesis in LP piglets compared with Con piglets at d 1 cannot be associated to differences in birth BW among groups because expression level of FAS was decreased in SCAT of runt piglets compared with normal-sized littermates at d 1 (Ramsay et al., 2010) . Exposure to prenatal LP diet also reduced the abundance of NADP-dependent 3-hydroxyisobutyrate dehydrogenase in LP piglets compared with Con at d 1. This enzyme has been shown to be induced during adipogenesis and may be involved in a pathway linked to utilization of valine carbon in lipogenesis of 3T3-L1 adipocytes (Kedishvili et al., 1994) . However, fatty acids represent only a minor product of AA metabolism in adipose tissues of sheep and rat (Vernon et al., 1985) . Therefore, the physiological significance of observed changes in NADP-dependent 3-hydroxyisobutyrate dehydrogenase between LP and Con piglets remains to be assessed. Finally, crystallin lambda 1 exhibited a greater abundance in adipose tissue of LP piglets than in Con piglets at d 1. This protein shows homology with 3-hydroxyacyl-CoA dehydrogenase, the key enzyme of fatty acid β-oxidation (Mulders et al., 1988) . The finding that at least one mitochondrial fatty acid oxidation enzyme was thus affected by LP diet suggests the existence of an active fatty acid oxidation in adipose tissue of LP piglets, as described previously in the pig (Steffen et al., 1983) and in the human fetus (Oey et al., 2005) . Indeed, it has been shown that not only the placenta but also the fetus can utilize fatty acids for energy production (Oey et al., 2006) .
Unexpected pathways such as lipid binding and transport were also revealed by the proteomic strategy in adipose tissues of experimental piglets compared with Con at d 1. First, 2 apolipoprotein A4 variants had a greater abundance in the adipose tissue proteome of LP piglets compared with Con. Apolipoprotein A4 is present in the interstitial fluid surrounding adipose cells in vivo at concentrations similar to those required in vitro for the promotion of cholesterol efflux (Steinmetz et al., 1990) . Second, β-lactoglobulin, a protein that binds long-chain fatty acids (Spector and Fletcher, 1970; Narayan and Berliner, 1997) had also a greater abundance in LP piglets than in Con piglets. Taken together, maternal LP diet might have enhanced intercellular lipid transport in LP offspring. The main change in the adipose tissue proteome of HP piglets when compared with Con piglets is also a greater abundance of 4 isotypes of apolipoprotein A4. It remains however to be determined whether these changes in SCAT of experimental piglets at d 1 might reflect variations in lipid exchanges between adipocytes or between adipose tissue and other body compartments, when compared with Con. In addition, different forms of annexins were found with a greater abundance in adipose tissue of LP piglets mainly. Annexins belong to a conserved family of soluble cytoplasmic proteins involved in a diverse range of cellular functions intracellularly and extracellularly (Hayes and Moss, 2004) . Annexin II modulates the transport of cholesterol ester from caveolae to internal membranes (Uittenbogaard et al., 2002) and has been described as a positive mediator of insulin-induced translocation of the glucose transporter GLUT4 in 3T3-L1 adipocytes (Huang et al., 2004) . Therefore, its greater abundance in adipose tissue of LP piglets could contribute to greater substrate availability in LP adipocytes. Deletion studies have also suggested that annexin I is required for the maintenance of adipocyte, preadipocyte, or both cell number in rat epididymal fat pad mass (Warne et al., 2006) . The greater abundance of annexin I observed in adipose tissue of LP piglets associated with the reduced abundance of nitrilase 2 regulating cell proliferation and growth (Lin et al., 2007) could then indicate the modulation of adipogenesis in LP piglets compared with Con animals. The observation that phosphoribosyl pyrophosphate synthetase was also downregulated in adipose tissue of LP piglets compared with Con piglets is fully consistent with this hypothesis because this regulator of cell proliferation is preferentially expressed in preadipocytes than in fully differentiated adipocytes (Atiar Rahman et al., 2008) . Furthermore, feeding of low-protein diets during rat or mouse pregnancy also exerts strong effects on tissue development of the offspring, at least in part by interfering with proliferation or differentiation steps, and altering expression of key genes in those tissues (see Langley-Evans, 2009 for a recent review). Finally, the abundance of annexin IV was greater in LP and HP piglets compared with Con animals at d 1. Among annexins characterized by a common ability to bind and order charged phospholipids in membranes, annexin IV has the additional unique property of recognizing carbohydrates (Kojima et al., 1996) . Because no specific band for annexin IV could be revealed in SCAT of experimental and Con pigs at commercial slaughter, it should be postulated that this protein participates in early events of fat development or was present in cells other than adipocytes in immature fat tissues. Recently, the amount of nuclear annexin IV has been proved to increase during differentiation of 3T3-L1 preadipocytes into adipocytes (Molina et al., 2009 ). Finally, changes in abundance of proteins generally involved in AA metabolism and protein turnover processes in tissues other than fat depots are observed in the current study for SCAT of newborn HP piglets compared with Con animals. In the former piglets, we observed a greater abundance of aminoacylase 1 involved in catabolism of acetylated proteins into free AA (Perrier et al., 2005) and of aspartoacylase (i.e., aminoacylase 2), an enzyme catalyzing the deacetylation of AA to produce acetate and l-aspartate (Moore The score obtained from the database search using the MASCOT program (Matrix Science, http://www.matrixscience.com).
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Ratio of abundance in LP group relative to Con group and P-value for t-test calculations carried out using ImageMaster 2D Platinum (V6.0, GE Healthcare, Saclay, France). Data are means ± SEM for n = 8 pooled protein extracts in each dietary groups. Ratios are inversed and are preceded by a minus sign for value less than 1.
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Ratio of abundance in HP group relative to Con group and P-value for t-test calculations carried out using ImageMaster 2D Platinum (V6.0, GE Healthcare, Saclay, France). Data are means ± SEM for n = 8 pooled protein extracts in each dietary groups. Ratios are inversed and are preceded by a minus sign for value less than 1.
5 TNF = tumor necrosis factor.
Sarr et al. , 2003) . To our knowledge, the presence of AA deamination has not been previously proven in adipose tissues, although expression of aspartoacylase has been recorded in murine adipose cell lines (Powelka et al., 2006) and identified as controlled selectively by the PPAR-delta (i.e., an ubiquitous key regulator of lipid and carbohydrate metabolism; Hummasti and Tontonoz, 2006) . Conversely, adipose tissue proteome of HP piglets displayed decreased protein abundance in the major tool for protein degradation (e.g., the proteasome 26S subunit when compared with Con piglets at d 1). Taken together, the reasons for changes in abundance of those proteins in SCAT of experimental piglets when compared with Con remain to be determined; however, these changes have likely little physiological significance.
Although our study clearly demonstrates changes in the expression of proteins involved in various metabolic pathways in SCAT of experimental piglets at d 1, we could not detect significant modifications in the abundance of some selected proteins at d 186. Only enolase 1 was changed in LP pigs compared with Con, but with an opposite profile at d 186 compared with d 1. However, this does not preclude persistent alterations in other metabolic pathways or other tissues. Evidence that intrauterine nutrient supply affects development and postnatal features in pigs has been provided by several studies showing that growth-retarded piglets at birth display an impaired postnatal lean growth rate and a greater fat deposition resulting in decreased carcass quality, especially in females (Poore and Fowden, 2004; Gondret et al., 2006; Rehfeldt et al., 2008a) . With respect to the long-term impact of protein content in maternal diets on later adipose tissue development, the available data in various species are not so clear-cut. In rats, maternal LP diets during pregnancy result in greater fat later in life in females but not in male offspring (Bellinger et al., 2004; Zambrano et al., 2006) . Protein restriction during fetal life, when followed by catch-up growth induced by culling LP pups to litters of small size in dams fed a Con diet during suckling, leads to a greater total fat pad relative weight in offspring at 9 mo of age (Bol et al., 2009) . Protein deficiency in sow diet during pregnancy reduces indices of lean growth in offspring at market weight, with carcass fat however not affected (Schoknecht et al., 1993) . Finally, in the same experiment from which the 54 pigs considered in the present study were taken at d 186, Rehfeldt et al. (2008b) observed a greater subcutaneous fat percentage in LP animals compared with Con, although effects were more pronounced in pigs originating from large litters rather than small ones. This led us to postulate a possible link between the immediate appearance of functional proteomic changes in SCAT at birth for piglets prenatally exposed to LP diet, and the expression of the fattening phenotype in those pigs later in age. Furthermore, the changes could be not independent of variations in birth weight and postnatal catch-up growth subsequent to it. Additionally, LP and HP offspring were recently shown to be less insulin sensitive than Con pigs when compared at 10 wk of age, suggesting additional modifications of glucose metabolism in those piglets . More studies are then needed to clarify the relationships between early nutritional environment and growth and development of adipose tissues in pigs.
